Nematode-free micropropagated o wn-rooted English cultivars 'Vina' and 'Chandler' and seedling rootstocks Northern California black (NCB) and Paradox hybrid were planted into a 0.5 m 3 hole of sandy loam soil containing 100 Pratylenchus vulnus and two Meloidogyne incognita per 250 cm 3 of soil volume. Trees were farmed using micro-sprinkler irrigation with a 3 m by 4 m plant spacing. Trees were removed from the field site after 7 months and all new root growth partitioned into three size groupings including fleshy root tips, secondary roots (<7 mm diameter), and primary roots (>7 mm diameter). These two nematodes preferred the fleshy root tips supporting 172, 293, 369 and 882/gram of root on NCB, Paradox, 'Vina', and 'Chandler', respectively. Secondary roots supported 22, 117, 204 and 239/gram of root on NCB, Paradox, 'Vina', and 'Chandler', respectively. Few nematodes were present in primary roots although these roots were produced in the presence of inoculum. All Juglans spp. tested were susceptible or highly susceptible to P. vulnus. NCB was a poor host and non-galled by M. incognita, Paradox was intermediate, and the two J. regia cultivars proved susceptible. When present, the root knot galls were normal-sized and occurred across the root system, but never on the fleshy root tips. Paradox and J. regia cultivars occasionally developed 3 to 5 cm diameter galls on their secondary roots. Planting into high populations of these nematodes can greatly restrict early root exploration by Juglans spp. Total tree biomass at termination of the experiment ranged from 3.9 kg/tree for the more vigorous Paradox to 2.3 kg/tree for own-rooted 'Vina'. This difference was significant at P = 0.05 with other growth differences being intermediate and non-significant.
INTRODUCTION
Walnut roots, Juglans spp., are damaged by three genera of plant parasitic nematodes: Pratylenchus vulnus, Meloidogyne spp., and Mesocriconema xenoplax (Westerdahl and McKenry, 1998) . These nematodes can completely stunt the growth of young walnut trees. It has been unclear if this response is a function of the replant problem, the high sensitivity of walnut, or a feeding preference by the nematodes.
The three walnut rootstocks of contemporary interest in California include Northern California Black walnut (NCB), J. hindsii; English walnut J. regia; and the Paradox hybrid J. hindsii x J. regia. Paradox is the preferred rootstock largely due to its hybrid vigor. It is susceptible to crown gall, Agrobacterium tumefaciens, and there are differing opinions relative to its nematode host status (Lownsbery et. al., 1978; McGranahan and Catlin, 1987; Catlin, 1998) . NCB is the traditional rootstock that served walnut producers well but is less vigorous and more susceptible to Phytophthora root rot (McGranahan et. al., 1998) . English rootstock is unaffected by blackline disease so is often used in locations having a high incidence of this disease. A potential alternative to English rootstock in blackline disease areas is micropropagated ownrooted English cultivars. Own-rooted 'Chandler' was found to be productive but P. vulnus susceptibility may limit its usefulness where soil populations exist. (Hasey et. al., 2004) . English walnut is also known to be highly susceptible to Meloidogyne spp. NCB has proven to be a source of resistance to common Meloidogyne spp. and Paradox rootstocks are variable in their response. The goal of this study was to determine relative susceptibility to P. vulnus and Meloidogyne incognita among own-rooted English cultivars 'Chandler' and 'Vina' compared to NCB and Paradox seedling rootstocks.
MATERIALS AND METHODS
Nematode-free, micropropagated own-rooted 'Chandler' and 'Vina' (J. regia cultivars) field grown for two seasons were planted in a completely randomized pattern alongside one-year-old seedling rootstocks of NCB and Paradox hybrid of similar size. Ten replicates of each walnut selection were spaced at 3 m x 4 m intervals across a 0.25 ha field site at Kearney Agricultural Center near Parlier, CA in 2003. The sandy loam soil (65% sand, 27% silt and 8% clay) had a six-year fallow history. Each tree was planted into a pre-dug 45 cm x 45 cm x 60 cm-deep hole and backfilled with native soil infested with 2.24 x 10 4 P. vulnus, and 1.10 x 10 2 M. incognita per 5.5 L of soil. The inoculum soil was gathered from two sites. One was a walnut orchard infested with P. vulnus and the other an Actinidia deliciosa planting infested with M. incognita. The two soils were mixed together in 1 m 3 containers and assayed for nematode population density using the sieve-mist nematode extraction procedure. Immediately after inoculation, each tree was healed in with 20 L water.
A micro-sprinkler irrigation system was installed to provide uniform irrigation and to keep the soil moisture content close to field capacity. Each tree was fertilized with 100 g of triple 15 (16.7 kg/ha rate of NPK) plus 8.3 ml of SuperMicro containing five micronutrients at 20 days after planting. Two general contact weed sprays were necessary to keep the tree row free of weeds. The soil temperature range was 11-25ºC from March to October 2003.
At 210 days after planting each tree was excavated by carefully removing moistened soil from either side of the tree and then removing the complete tree and root system using a backhoe with a 1 m 3 bucket attachment. Extracted trees were assessed for the following parameters: 1) whole biomass, 2) biomass above-ground and below, 3) weight of lateral roots excised into primary roots (> 7 mm diameter), 4) secondary roots (<7 mm in diameter), 5) number of fleshy root tips borne on each of the secondary roots, and 6) length and diameter of fleshy root tips. This latter measurement of fleshy root tips occurred at both the tip and its proximal feeder root using an electronic digital caliper having 0-150 mm capacity with +/-.02 mm accuracy. For each selection, four replications of the fleshy root category were selected at random to serve as an unbiased representative sample of the ten replications.
Observations were made on gall formation. The smaller root categories were collected into polyethylene bags and temporarily stored in ice chests. After washing, measuring and weighing, each root category was diced and a 20 g sample placed in a 23ºC mist-chamber for 5 days to extract nematodes within.
Extracted nematodes were identified to species and quantified by use of a dissecting scope at 40X. Nematode numbers were reported as nematodes per gram of root. Data were subjected to a two-way and one-way Analysis of Variance (SAS Institute, Inc., Cary, NC) for its factorial treatment variables, followed by mean separation using Duncan's Multiple Range Test at the 95% confidence level.
In this laboratory the following scale has provided a "yardstick" to define resistance or susceptibility among endoparasitic nematodes attacking Vitis and Prunus rootstocks. The unit of measure is extracted nematodes per gram of root. These same criteria were used here. 
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RESULTS AND DISCUSSION
Biomass Characterization
Total tree mass was separated into seven components and compared between each walnut selection (Table 1) . Paradox produced a significantly larger total biomass than own-rooted 'Vina'. Paradox also produced a significantly larger root system than 'Vina' and NCB. Compared to the other selections, 'Vina' visibly slowed its growth when ambient temperatures warmed to 35 o C at a hundred days after planting.
Seedling Paradox root biomass was 0.5 to 0.8 kg greater than for all other walnut selections (Table 1) . Both Paradox and own-rooted 'Chandler' developed a 2:1 ratio in mass of primary to secondary roots. Own-rooted 'Vina' had a 1:1 ratio in the mass of primary to secondary roots. NCB seedlings developed an extensive root system of primary roots with relatively few secondary roots; a 3:1 ratio of primary to secondary roots was measured (Table 1) . These differing root designs altered the overall number, length, and diameter of fleshy root tips among the four walnut selections. The root growth differences listed above were visible but few were significant. Own-rooted 'Vina' and 'Chandler' developed statistically shorter fleshy root tips when compared to those of Paradox and NCB; NCB had the longest fleshy root tips (Table 2) . Paradox exhibited a statistically greater mass of fleshy root tips than Chandler. Interestingly, Paradox developed root traits similar to its parents, with some fleshy root tips relatively short while others were lengthy (data not shown).
Nematode Development
We have no data to indicate that nematode presence altered any of the root characteristics or biomass measurements listed above. However, nematode presence was compartmentalized across the root system. Except for NCB, galling by M. incognita occurred on secondary roots and to a lesser degree on primary roots. Individual galls were not apparent on the already swollen fleshy root tips. Most notable was the occasional presence of relatively large (3-5 cm diameter) galls on Paradox and own-rooted 'Chandler' roots. These galls were not in association with Agrobacterium tumefaciens. Lesion symptoms caused by P. vulnus presence and feeding were never visible in this 210-day study. Field observations from mature orchards reveal that visible lesions, indicative of P. vulnus presence, occur almost exclusively on walnut roots that are at least two years of age. This study reveals that nematode presence within older roots is occurring at relatively low population levels.
At 210 days after inoculation the population levels of P. vulnus and M. incognita were in sufficient number to categorize all rootstocks and own-rooted cultivars as highly susceptible or susceptible ( Fig. 1 and Table 3 ). Own-rooted 'Chandler' and 'Vina' were highly susceptible with 375 and 191 nematodes/gram of root, respectively. In the susceptible category Paradox developed 138 nematodes/gram of root, significantly fewer than own-rooted 'Chandler'. NCB at 65 nematodes/gram of root was a statistically poorer host than 'Chandler' or 'Vina' (Table 3) . Both nematode species exhibited a preference for smaller root sizes, although all lateral roots examined were developed during the 210-day period. Data were subjected to a two-way analysis of variance to determine the nematode's preferred feeding sites and each root category was statistically different. Table 4 depicts the preferred feeding sites. Fleshy root tips supported 189 times the nematode population as that present in primary roots >7 mm. The secondary roots, <7 mm diameter distal to the fleshy root tips, supported 143 nematodes/gram of root. Compared to the 'Chandler' cultivar, nematode numbers in roots of NCB and Paradox were statistically fewer in the secondary root category (Fig. 1 ). In the fleshy root category Paradox again exhibited statistically reduced nematode numbers when compared to own-rooted 'Chandler' (Fig. 1) .
Further partitioning of the specific nematode into root categories indicated that NCB and Paradox had statistically reduced numbers of M. incognita in their secondary and fleshy root categories (Fig. 2) . Against P. vulnus, NCB exhibited statistically fewer nematodes than Paradox in the secondary, <7 mm root category. The English parentage in own-rooted 'Chandler' and 'Vina' was associated with greater susceptibility to both nematodes. The relative host status of each of the own-rooted cultivars and seedling rootstocks was determined by multiplying the combined nematodes/gram of root by the weight of the three root categories. Own-rooted 'Chandler' was the most susceptible supporting 1.17 x 10 6 nematodes within its total root system (Fig. 3) at 210 days after inoculation.
CONCLUSIONS
This study reveals the prevalence of enlarged, lengthy root tips among Juglans spp. Roots of NCB, Paradox, own-rooted 'Chandler', and own-rooted 'Vina' were differentially infected by these nematodes. Based on the total number of nematodes extracted per gram of root, the fleshy roots of the two own-rooted cultivars were highly susceptible whereas NCB and Paradox had a susceptible ranking. Development of P. vulnus appeared to dominate over M. incognita across these four selections. Regardless of the nematode type the most abundant infections occurred within youngest lateral roots and notably within their fleshy root tips. Any estimates of susceptibility or resistance to these nematodes must take into account the age of the sampled roots.
NCB produces fewest fleshy roots although they were of greater length than for the other cultivars. NCB roots also had the lowest infection of M. incognita. To a lesser extent this reduced host status also occurred in Paradox. Resistance to M. incognita is more likely to be found in J. hindsii rather than in the Paradox hybrid. The observed hybrid vigor inherent within J. hindsii x J. regia is also expressed in its root system but it remains an excellent host for these two nematode species. It appears that Juglans spp., particularly J. hindsii, offer a degree of resistance to nematodes in roots older than 210 days, but younger roots are extensively damaged by these nematode species. This finding supports earlier studies indicating that matured roots and shoots of Juglans spp. contain nematicidal properties that can be extracted with water (McKenry and Anwar, 2003) .
California walnut orchards commonly support soil populations of P. vulnus that are fivefold the inoculum level utilized herein. The population levels tested here are more similar to those remaining after two years of fallow period following walnut orchard removal. Our results suggest that the most susceptible part of the walnut root is the terminal portion. This emphasizes the need for nematode free soil to ensure extensive root exploration in newly planted walnut trees.
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